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Abstract 
A new method for granulating liquid muds was proposed. This method involves the crumbling of 
partially cemented muds. The crumbling is the re-stirring of the cement–mud mixture when certain 
time elapsed after the cement was added to the liquid muds.  Laboratory experiments revealed that the 
cone indices of the cement-mud mixtures measured after they are primary cured can be used to control 
the possibility of granulation and the particle size of granules obtained. The test results also indicate 
that the granules show high potential for use in materials such as reclamation, subgrade or backfill 
materials. The application of this crumbling granulation method in the maintenance work of a 
motocross track was also presented in this study. 
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1 Introduction 
Most of liquid muds derived from dredged soils and construction sludge have been disposed as 
industrial wastes or construction surplus soils. Therefore, techniques to granulate and solidify such 
liquid muds to effectively use them as land reclamation, back-filling, roadbed materials etc. have been 
proposed and are put into practical application.  
To granulate and solidify the liquid muds, a polymer in addition to cement is generally added to 
the muds as a flocculation agent. However, this conventional granulation and solidification method of 
adding a polymer as a flocculation agent is in general a costly processing method.  
In view of above, the granulation method with the process of crumbling partially-cemented liquid 
muds is proposed in this paper to solve such issues. This technology specifically adds and mixes 
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cement into liquid muds, cures and then crumbles (re-stirs) the mixture when the liquid state 
transforms to plastic state or to the semi-solid state. Finally it produces granules by crumbling the 
processed cement-mud mixture. The appropriate timing of crumbling is further controlled simply by 
cone index tests. 
2 Crumbling Granulation 
It is known that granulation is possible when the water content of the mud is close to the plastic 
limit. Based on the fact, granulation of liquid muds which water contents are higher than the liquid 
limits, require a drying process such as sun-drying to reduce the water content of the muds. It results 
in a long term process. To speed up the process, an auxiliary material such as a polymer is added as a 
flocculation agent. The water content of the liquid muds apparently decreases after adding the polymer 
and quick granulation becomes possible. Adopting this method, however, as mentioned before, often 
leads to increase of material costs. 
Granulation of liquid muds with the process of crumbling utilizes the change in consistency 
characteristics of the partially-cemented liquid muds as the results of the hydration reaction of the 
cement over time. No matter how much soils in the liquid form are stirred, granules are not formed. 
However, the liquid mud mixed with cement becomes from the liquid to plastic state, then to semi-
solid state after from a few hours to approximately one day curing. When the mixture becomes plastic 
or semi-solid, the consistency characteristics change narrowing the gap between the mixture’s water 
content and the plastic limit. Taking advantage of this change, crumbling, that is re-stirring of this 
processed cement–mud mixture produces granules as shown in Photo 1.  
 
 
 
Photo 1: Granules produced by crumbling granulation 
 
Figure 1 shows the particle size distribution of granules obtained by the crumbling granulation of 
the mixture of Singapore Marine Clay (SMC) and the ordinary Portland cement. The initial water 
content of SMC was 1.25 times of the liquid limit (80.1%) and the cement was added to the clay at a 
rate of Ac=10% of the clay weight. After cured for 4, 8 or 16 hours, the mixture were crumbled to 
obtain granules. It is also seen in the figure that the different particle size of granules could be 
obtained depending on the test conditions.  
Producing the granules as shown in Photo 1 requires an appropriate timing control for crumbling. 
If the processed cement-mud mixture having an inappropriate property is crumbled, the end products 
would be lumpy clay or crushed solidified-lumps as shown in Photo 2. However the processed 
cement-mud mixture having appropriate property can produce good granules as shown in Photo 1. In 
the crumbling granulation method developed in this study, the appropriate timing for crumbling is 
simply determined by the cone index of the mixture, which can be obtained by “the test method for 
cone index of compacted soils” based on Japanese Geotechnical Society, 2009. 
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Figure 1: Particle size distribution of granules obtained from Singapore marine clay (w= 1.25wL) 
 
 
         
a) Lumpy clay                                            b) Crushed solidified lumps 
Photo 2: Products obtained by crumbling the processed cement-mud mixture having an inappropriate
property 
 
 
 
Figure 2: The range of cone indices in which crumbling granulation is possible (SMC, w= 1.25wL) 
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Figure 2 indicates the cone indices of the aforementioned SMC mixed with ordinary Portland 
cement at the weight ratio of Ac=10, 20, 30% and cured for 2, 4, 8 or 16 hours. While the cone index 
varies according to the combination of the amount of the cement and curing time, crumbling will 
produce sandy soil when the cone indices of the processed mixture is between 500 kN/m2 and 1200 
kN/m2 and gravelly soil when the indices are between 130 kN/m2 and 500 kN/m2 or between 1200 
kN/m2 and 1800 kN/m2. This cone index range is not affected by the type of liquid muds or the initial 
water content as shown in Fig. 3. 
 
      
a) Singapore marine clay, w= 2.0wL                           b) Kawasaki marine clay, w= 2.0wL 
Figure 3: The range of cone indices in which crumbling granulation is possible under different 
conditions 
3 Application to a Motocross Track 
Crumbling granulation at field sites can be made, for example, by putting liquid muds into a simple 
mud storage container with cement followed by stirring by bucket mixing using a backhoe. Then the 
cement-mud mixture is cured for a certain period and crumbled (re-stirred) at the appropriate timing 
based on the cone index of the mixture. The granules obtained by this crumbling granulation method 
can be used as Class 3 construction surplus soil as they are. They can also be used as Class 1 and 2 
construction surplus soil by further curing them for 1 day to about 1 week depending on the cement 
type or the water to cement ratio. In addition to these, the crumbling granulation can be applied not 
only to marine clay but also to terrestrial clay. An example of application to a volcanic soil at a 
motocross track site is introduced here. 
In this application example, crumbling granulation was performed at the motocross race track site 
on extremely viscous terrestrial clay (volcanic cohesive soil) having a liquid limit of 57.0%, plastic 
limit of 37.9%, and natural water content of about 30 to 35%. The motocross race track often faces 
deterioration of trafficability because the soil becomes muddy and sometimes small puddles are 
appeared in rainy weather. The treatment of the crumbling granulation was aimed to improve the 
permeability of tracks and the bearing capacity especially uunder rain conditions. The crumbling 
granulation was carried out by the following procedure. 
A field tractor shown in Photo 3 cultivated the soil at the natural water content. The average 
cultivating depth was 0.15 m. A type-B blast furnace slag cement equivalent to 18% of the soil weight 
was added and mixed using a tractor until it was mixed consistently. Using a sprinkling system, water 
was added to the mixture until its water content exceeded the liquid limit and turned into liquid muds. 
The mixture was stirred further until the cement-treated volcanic soil was mixed uniformly. The 
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mixture was cured over one night, and about 16 hours later, the cone index of the processed cement-
soil mixture became 917 kN/m2. Then the mixture was stirred again using the tractor to crumble the 
mixture into granules. As the results, production of granules was confirmed as shown in Photo 4(a). 
After granulation, water was sprinkled and a motocross bike drove the track. The non-treated area 
became muddy as shown in Photo 4(b), but the area treated by the crumbling granulation did not 
become muddy as shown in Photo 4(a). 
 
 
 
Photo 3: Field tractor used for crumbling granulation 
 
 
              
a) Treated section                                      b) Untreated section 
Photo 4: Treated area by crumbling granulation and non-treated area 
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Figure 4: Particle size distribution of original soil and crumbled granules 
 
Fig. 4 shows the particle size distribution of the original volcanic soil before granulation and that 
of the granules obtained by the crumbling granulation technique. Motocross races were held at this site 
4 days after this crumbling granulation. After many motocross bikes repeatedly ran the treated area, 
samples were collected and the particle size distribution was measured again (after service). The 
particle size distributions before and after service closely matched as shown in the figure, and the 
particle crushing after repeated run by the bikes was not observed. This demonstrates that this 
crumbling granulation technique can yield granules that are not easily crushed. 
4 Conclusion 
A new method for granulating liquid muds was proposed. This method involves the crumbling of 
partially cemented muds. Laboratory experiments revealed that the cone indices of the cement-mud 
mixtures obtained immediately after they are primary cured can be used to control the possibility of 
granulation and the size of granules produced, irrespective of the initial water content of the muds and 
the curing period of the cement-mud mixture. The crumbling granulation treatment was performed at a 
motocross race track site on extremely viscous terrestrial clay (volcanic cohesive soil) to improve the 
permeability of tracks and the bearing capacity especially uunder rain conditions. The results showed 
that the non-treated area became muddy, but the area treated by the crumbling granulation did not 
become muddy after water was sprinkled. It was also found that this new granulation technology can 
yield granules that are not easily crushed. 
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